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Background Because of the significant regional differences in the distribution of allergens, the relationship between
anaphylaxis and allergic sensitization is complex in China. Using this large-scale epidemiologic survey, we explore
the potential patterns of sensitization to common allergens in mainland China and investigate their relationship
with various clinical symptoms.

Method The participants were recruited from 13 medical centers in mainland China from October 2019 to June
2021. Skin prick test (SPT) results that cover 18 common allergens were utilized to diagnose atopic sensitization.
The demographic characteristics and clinical information were collected through questionnaires during routine
medical follow-up. Latent class analysis (LCA) was conducted to determine the optimal sensitization patterns. The
logistic regression was used to assess the associations of different sensitization patterns with allergy symptoms.

Findings A total of 1089 patients who had a positive SPT to at least one of 18 allergens were included for formal
analysis. An optimal LCA model with 4 classes was obtained in this study, and the corresponding labels were as fol-
lows: Class1, house dust mite sensitization; Class2, low pollen sensitization; Class3, middle pollen sensitization;
Class4, high pollen sensitization. The prevalence of different classes varied widely in geographical distribution,
which was characterized by Class1 being very common in south and east as well as Class2 in north and west of
China. Compared with patients in Class1, those in middle and high pollen sensitization clusters had the higher odds
ratios (ORs) of allergic rhinitis and allergic conjunctivitis when controlling for other confounders. However, there
was no significant difference between low pollen sensitization and house dust mite sensitization groups in the risks
for various clinical performances except dermatitis. Additionally, the adjusted ORs (95% confidence interval) of aller-
gic conjunctivitis and dermatitis for participants in pollen sensitization clusters (Class2, 3 and 4) were 1.56 (1.18,
2.06) and 1.43 (1.09, 1.88) respectively compared with those in Class1.
Abbreviations: CRD, component-resolved diagnosis; LCA, latent class analysis; IgE, Immunoglobulin E; sIgE, specific IgE; SPT,

skin prick test; AIC, Akaike Information Criterion; CAIC, the “consistent AIC”; BIC, Bayesian Information Criterion; SSA-BIC,

the adjusted BIC using Rissanen’s sample size adjustment; AS, asthma; AR, allergic rhinitis; 95% CI, 95% confidence interval
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Interpretation In this study, we identified four sensitization clusters with specific risks of various clinical symptoms
using common allergens by adopting LCA. Our findings may contribute to improved diagnosis and potential immu-
notherapy approaches to allergy in mainland China.
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Research in context

Evidence before this study

The associations of anaphylaxis with allergic sensitiza-
tion patterns are very complex in China resulting from
the significant regional differences in the distribution of
allergens. We searched PubMed using the Mesh terms
(“sensitization pattern” or “atopic sensitization”),
(“asthma” or “allergic rhinitis” or “dermatitis” or “allergic
conjunctivitis”), “China”, and (“Latent Class Analysis” or
“LCA”) for articles published up to January 1, 2022 and
found no multi-center epidemiologic study of the asso-
ciation between potential sensitization patterns to com-
mon allergens revealed by LCA and clinical symptoms.
Although several studies have confirmed the causal
associations of allergen sensitization with asthma, aller-
gic rhinitis, conjunctivitis or dermatitis in China, most of
them just focused on specific allergens on the risk of
clinical symptoms and neglected the combined effects
of allergens. Therefore, it’s necessary to identify sensiti-
zation clusters of common allergens and further to
investigate their highly complex relationship with
allergy symptoms among the Chinese population.

Added value of this study

To our knowledge, we are the first to identify four sensi-
tization clusters with obvious separation and divided
grass pollen sensitization into three degrees (low, mid-
dle, high) using 18 common allergens in mainland
China by adopting LCA. We described that the preva-
lence of four sensitization patterns varied widely in geo-
graphical distribution, which was characterized by
house dust mite sensitization (HDMs) groups being very
common in south and east of China, while pollen sensi-
tization clusters were concentrated in north or west of
China. We found that compared with participants in
HDMs groups, those in middle and high pollen sensiti-
zation clusters were associated with higher risks of aller-
gic rhinitis and allergic conjunctivitis when controlling
for other confounders. Besides, we revealed no signifi-
cant difference in the risks of various clinical symptoms
between low pollen sensitization and HDMs groups
except dermatitis.
Implications of all the available evidence

This study provides new insights into the epidemiology
distribution of potential sensitization patterns and gives
important clues for the prevention and immunotherapy
of allergy in mainland China.
Introduction
There is an abundance of evidence to support the associ-
ations of allergic sensitization with several clinical
symptoms, for instance, asthma or rhinitis.1,2 However,
the complicated distribution of dominating allergens in
different regions and sensitization to multiple allergens
concurrently enable the patients to present complex
anaphylaxis,3 which poses a huge hinder in clinical diag-
nosis and therapy of allergy.4 In traditional clinical prac-
tices, clinicians commonly use a skin prick test (SPT) or
specific Immunoglobulin E (sIgE) measurement results
in combination with the corresponding exposure history
of allergens for clinical diagnosis of allergy. However,
it’s not uncommon that the co-sensitization of allergens
exists among allergic patients.5,6 Therefore, the diagno-
sis precision of specific allergens might be confused by
complicated sensitization patterns. Recently, advanced
molecular-based diagnosis technique for allergy has
been developed rapidly, for instance, component-
resolved diagnostics (CRD) has facilitated the clarifica-
tion of the biological mechanism of allergic diseases.7

Given conventional analysis for co-sensitization charac-
teristics using the Venn diagram couldn’t disclose the
complexity of sensitization patterns, many researchers
have begun to utilize some more robust statistic meth-
ods for exploring the heterogeneity of potential sensiti-
zation patterns.8

Latent class analysis (LCA) is a typical unsupervised
machine learning method regarding categorical latent
variable measured with categorical items.9 Individuals
can be divided into subgroups or latent classes based on
unobservable constructs using multiple correlated cate-
gorical variables. The latent classes are mutually
www.thelancet.com Vol 46 Month April, 2022
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exclusive and characterized by having a high probability
distribution to a set of specific observed categorical
variables. Although several latent variable models
have been successfully formulated to identify under-
lying patterns of sensitization to common allergens
or component-specific IgE responses, most of them
just focused on school-age children10 or specific aller-
gic symptoms in many developed countries.2,11,12 To
our best knowledge, few studies have been con-
ducted in China to comprehensively investigate the
associations between the patterns of sensitization to
common allergens revealed by LCA and different
clinical symptoms.

The sensitization patterns of allergy among Chinese
are highly complicated, which results from significant
regional differences in the distribution of allergens13

and herd susceptibility.3 Previous studies have reported
that house dust mite are common in the southern and
eastern areas of China,14 while pollen allergies are pre-
vailing in the western and northern China.15,16 In this
study, we recruited all qualified patients with allergies
from 13 medical centers that are distributed to four
regions of China, including south, north, west and east
areas. A total of 18 common allergens which covered
house dust mite, german cockroach, aspergillus fumiga-
tus, penicillium and 14 grass pollen allergens were uti-
lized to perform SPT.

The aim of this study was to describe the concrete
patterns of sensitization to common allergens in main-
land China using LCA and further to examine the clini-
cal performance among various sensitization classes.
Methods

Study design
This study was a large-scale multi-center epidemiology
survey that was conducted in China from October 2019
to June 2021. The participants were obtained from
Allergy/Pediatrics/Respiratory department from 13
medical centers that cover 11 provinces of mainland
China, moreover, those research sites were divided into
four regions including north (4 sites), south (3 sites),
east (1 site), west (5 sites) areas in the final analysis.
Patients attending outpatient clinics at 13 medical cen-
ters and diagnosed with allergic disorders were invited
to participate in this survey. With the written consent
forms, skin prick tests (SPT) were performed among
patients in the above centers only after completing
the questionnaires which were specifically designed
for patients in this study. The including criteria were
as follows: (1) participants with allergic disorders,
including rhinitis, conjunctivitis, asthma and/or der-
matitis; (2) participants underwent SPT with 18 com-
mon allergens and without missing value of test
results; (3) participants who had a positive SPT to at
least one of 18 allergens; (4) participants who
www.thelancet.com Vol 46 Month April, 2022
completed questionnaire by themself or their guard-
ian during routine medical visits. The participants
with autoimmune diseases, parasitic infections or
cancer were excluded from our study. Additionally,
subjects with serious skin damage or recent medica-
tion were also excluded due to these may interfere
with the accuracy of SPT results.

At last, a total number of 1089 patients (670 were
men and 419 were women) aged 0-74 years were
entered in formal statistics analysis. Data on demo-
graphics and clinical characteristics of participants
were extracted from the standardized questionnaire
by the trained physicians or research nurses, includ-
ing gender (man or woman), age, smoking exposure
(Does anyone in your family smoke?), family history of
allergy (Does anyone in your family have allergies?),
mode of delivery (normal delivery or caesarean section),
habitual residence (rural or urban), ethnic group
(Han or non-Han Chinese). Additionally, skin prick
tests (Inmunotek, Inmunotek SL, Spain) were per-
formed by two trained nurses for all the patients
among all the centers. The wheal and flare results
were obtained at 15 minutes and the orthogonal
diameter greater and equal to 3mm was recognized
as positive SPT. All processes were strictly following
the standardized operation procedures determined
before this study. Each completed questionnaire and
skin test report was verified by two well-trained
nurses and the results were double-checked by the
principal investigator.17

The research plan has been approved by the ethical
committee of the First Affiliated Hospital of Guangzhou
Medical University (GYFYY-2018-93) and all patient’s
informed consent forms were obtained before complet-
ing the SPT.
Definition of atopic sensitization
SPT results were utilized to determine atopic sensitiza-
tion in this study. If the patients were positive to at least
one of 18 common allergens (dermatophagoides pteronys-
sinus, blattella germanica, aspergillus fumigatus, penicil-
lium notatum, ambrosia elatior, artemisia vulgaris,
chenopodium album, betula verrucose, phleum pratense,
brassica napus, triticum aestivum, ulmus campestris, salix
fragilis, cynodon dactylon, populus alba, mediterranean
cypress, platanus hispanica, phragmites communis), they
were diagnosed with atopic sensitization. Histamine (10
mg/ml) and diluent were utilized as the positive and
negative control, respectively. Allergen extracts and con-
trol solutions were put on the volar side of the forearm
for SPT. After 15 minutes, the average value of the lon-
gest diameter and the length of the perpendicular line
through its middle would be determined through the
wheal reaction. When subtraction of the negative con-
trol, a positive skin reaction was defined as a wheal size
≥ 3 mm.18
3
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Definition of clinical outcomes
The clinical outcomes were obtained from a well-trained
clinician based on clinical examination and question-
naire which was specifically designed for participants
with potential allergic diseases. ‘Allergic rhinitis’ was
defined as a positive answer to the question, ‘Have you
had nasal itching, nasal congestion or spraying in the last 12
months?’; ‘Allergic conjunctivitis’ was defined as a posi-
tive answer to the question, ‘Have you had gritty sensa-
tion, redness, tearing, itching in your eyes in the last 12
months?’; ‘Asthma’ was defined as a positive answer to
the question, ‘Have you had the symptoms of dyspnea,
wheezing, chest tightness at night or shortness of breath or
cough in the last 12 months?’; ‘Dermatitis’ was defined as
a positive answer to the question ‘Have you had urticaria
or other symptoms of skin allergy?’.
Statistical analysis
The categories variables in this study were represented
with frequency and proportional. A Chi-square test (x2)
was utilized to compare the group’s different clinical
characteristics and allergens sensitization. Latent class
analysis (LCA) was utilized to identify the potential sen-
sitization patterns. The participants can be assigned to
the class in which they had the highest posterior proba-
bility based on the maximum-probability assignment
rule.19 An optimal latent class model with 4 classes was
selected using 18 common allergens since the model
had the lowest Bayesian information criterion (BIC)
value and good clinical interpretability.2,12 To assess the
performance and stability of our model, we additionally
reported the fit statistics including Akaike information
criterion (AIC), the “consistent AIC” (CAIC)20 and the
adjusted BIC using Rissanen’s sample size adjustment
(SSA-BIC)21 as well as the entropy of the models. Satel-
lite imagery was applied to describe the prevalence of
clinical performance among four classes. Furthermore,
the association strengths (odds ratios, ORs) between
latent classes of sensitization to allergens and clinical
outcomes were calculated by logistic regression analysis.
To evaluate the potential bias resulting from treating the
most likely class revealed by LCA as the true class to
estimate the regression parameters in the logistic
regression model.22 The BCH approach was addition-
ally performed to investigate the associations of sensiti-
zation patterns with clinical symptoms using the SAS
%LCA_Distal_BCH macro.23 Moreover, multivariate
model1 was established to adjust for some potential con-
founding factors with a p-value less than 0.05 in the uni-
variate analysis, including age, smoking exposure,
habitual residence, ethnic group and region. We further
established multivariate model2 to exclude the effects of
region since the adjusted ORs of asthma in different
sensitization patterns had extremely changed from
model2 to model1 when controlling for region. Given
geographical distribution was also a potentially
important confounder factor, thus a subgroup analysis
stratified by geographical regions was performed in this
study to explore the association between sensitization
patterns and the risk of asthma. Additionally, the multi-
level model was established to investigate the associa-
tion between sensitization patterns and asthma by
utilizing PROC GLIMMIX in SAS 9.4. The 13 medical
centers were recognized as a level-2 unit in this multi-
level model.

All data management and statistical analyses were
accomplished by SAS 9.4 (Copyright 2002-2012 by
SAS Institute Inc., Cary, NC, US). LCA was conducted
utilizing PROC LCA in SAS 9.4. Figures were drawn
with R-studio 1.2.5001 (Copyright 2009-2018 R-studio,
Inc.). All tests were two-sided and P<0.05 was consid-
ered statistically significant.
Role of the funding source
The funders had no roles in study design, data collec-
tion, data analysis, interpretation of the data, as well as
in the writing of the report and in the decision to submit
the paper for publication. Baoqing Sun and Chuangli
Hao had full access to the data in the study and had final
responsibility for the decision to submit for publication.
Results

The characteristics of study populations
A total of 1089 participants met the inclusion criteria
and were enrolled into formal statistics analysis. The
median age (1st quartile, 3rd quartile) of the patients was
9(6, 15) years and 24.0% of the participants were adults
(≥18 years). The male to female ratio was approximately
1.5:1. Most of the patients (74.9%) were urban dwellers.
About ninety percent (89.2%) of patients were diag-
nosed with allergic rhinitis, and nearly sixty percent
(58.2%) of participants declared to have allergic con-
junctivitis. Additionally, the reported positive rates of
asthma and dermatitis were 54.4% and 49.9% respec-
tively.

The included participants were derived from 13 med-
ical centers, which are distributed in south China
(n=327), east China (n=170), north China (n=267) and
west China (n=325), separately.
Characteristics of sensitization Patterns
In this study, the sensitization profile with 4 patterns
was revealed by the LCA model according to their spe-
cific characteristics of sensitization as well as the lowest
BIC criteria (Figure 1, Supplemental Table 1). Besides,
the clinical interpretation had also been carefully con-
sidered since the four-class LCA model has an obvious
separation and divided grass pollen sensitization into
three degrees, that is, low, middle and high according to
the extent of sensitization. Class1 is titled ‘house dust
www.thelancet.com Vol 46 Month April, 2022



Figure 1. Four-class sensitization patterns are identified by latent class analysis. Shown are probabilities of positive skin prick test
responses (y-axis) to the 18 allergens studied (x-axis).
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mite sensitization’ due to it has an obvious high sensi-
tized rate of house dust mite and low rates of other aller-
gens. Class2 which is named ‘low pollen sensitization’ is
characterized by lower levels of pollen allergens. Class3
is labeled as ‘middle pollen sensitization’ as this group
overall has a higher prevalence of pollen sensitization
than Class2. And Class4, a visible ‘high pollen
sensitization’ cluster, which depicts a higher probability
of sensitization to most pollens. The detailed sensitiza-
tion rates of specific allergens among four classes can
be seen in Table 1.

Demographics and clinical characteristics among
different sensitization patterns were compared in
Table 2. The results reveal that the Class4 group tends
to have high proportions of school-age children (7-17,
years) and the lowest percentage of women than other
clusters. The proportion of the Han Chinese population
in Class1 is large than 95%, which is different from the
other three groups (P<0.001). Besides, compared with
patients in the house dust mite sensitization pattern
(Class1), the proportions of urban residents are higher
in pollen sensitization patients (Class2, 3 and 4). From
the perspective of living regions, many patients with
pollen sensitization can be seen in the north and west
of China, while participants in class1 with house dust
mite sensitization are mainly localized in the south and
east area (Supplemental Figure 1).
The geographical distribution of various sensitization
patterns
Figure 2 shows the prevalence of various sensitization
patterns based on the geographical distribution of main-
land China. The house dust mite sensitization pattern
www.thelancet.com Vol 46 Month April, 2022
(Class1) is mainly distributed in the south and east of
China. On the contrary, the low pollen sensitization
clusters (Class2) are very common in the north and
west regions of China. Additionally, it can be observed
that the prevalence of the middle pollen sensitization
clusters (Class3) is comparatively high in northern
China. Our model identifies limited patients belonging
to the high pollen sensitization group (Class4), and
most of them can be found in the north of China.
Association of sensitization patterns with clinical
outcomes
Figure 3 depicts the prevalence of various clinical symp-
toms among 4 classes. Compared with the participants
with house dust mite sensitization, the risk of allergic
rhinitis is significantly increased among those in the
middle (OR = 2.08, 95% CI: 1.04»4.17) and high pollen
sensitization classes (OR = 5.07, 95% CI: 1.17»21.93)
when controlling for other potential confounders
(Table 3). Similarly, significantly increased adjusted
ORs of allergic conjunctivitis can be observed in Class3
(OR=2.17) and Class4 (OR=2.03) than Class1. The risks
of dermatitis in pollen sensitization clusters (Class2, 3
and 4) are large than those in the house dust mite sensi-
tization groups though the adjusted OR values couldn’t
achieve significance in Class4. However, there is no sig-
nificant difference between the house dust mite group
and low pollen sensitization cluster for the risks of aller-
gic rhinitis, allergic conjunctivitis and asthma. In this
study, we further combined Class2, Class3 and Class4
as a pollen sensitization cluster for comparison with
Class1 on the risks of various clinical symptoms. The
results reveal that compared with house dust mite
5



Variables Class1 N=424(38.9) Class2 N=394(36.2) Class3 N=194(17.8) Class4 N=77(7.1) P value

Dermatophagoides pteronyssinus 398(93.9) 98(24.9) 61(31.4) 21(27.3) <0.001

Blattella germanica 95(22.4) 46(11.7) 36(18.6) 18(23.4) <0.001

Aspergillus fumigatus 1(0.2) 35(8.9) 12(6.2) 10(13.0) <0.001

Penicillium notatum 3(0.7) 45(11.4) 21(10.8) 8(10.4) <0.001

Ambrosia elatior 0(0.0) 122(31.0) 117(60.3) 70(90.9) <0.001

Artemisia vulgaris 18(4.2) 209(53.0) 148(76.3) 77(100.0) <0.001

Chenopodium album 0(0.0) 113(28.7) 117(60.3) 71(92.2) <0.001

Betula verrucose 9(2.1) 54(13.7) 91(46.9) 68(88.3) <0.001

Phleum pratense 3(0.7) 43(10.9) 41(21.1) 62(80.5) <0.001

Brassica napus 2(0.5) 31(7.9) 91(46.9) 63(81.8) <0.001

Triticum aestivum 4(0.9) 24(6.1) 41(21.1) 60(77.9) <0.001

Ulmus campestris 8(1.9) 81(20.6) 142(73.2) 72(93.5) <0.001

Salix fragilis 3(0.7) 38(9.6) 86(44.3) 69(89.6) <0.001

Cynodon dactylon 6(1.4) 61(15.5) 108(55.7) 77(100.0) <0.001

Populus alba 3(0.7) 64(16.2) 123(63.4) 70(90.9) <0.001

Mediterranean cypress 12(2.8) 34(8.6) 37(19.1) 31(40.3) <0.001

Platanus hispanica 7(1.7) 48(12.2) 98(50.5) 68(88.3) <0.001

Phragmites communis 3(0.7) 32(8.1) 50(25.8) 52(67.5) <0.001

Table 1: The positive rate of common 18 allergens among four sensitization patterns
Note: Class1, house dust mite sensitization; Class2, low pollen sensitization; Class3, middle pollen sensitization; Class4, high pollen sensitization.
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sensitized participants, individuals with pollen sensiti-
zation have the higher ORs of allergic conjunctivitis
(OR=1.56, 95% CI: 1.18»2.06) and dermatitis (OR=1.43,
95% CI: 1.09»1.88) after adjusting for age, smoking
exposure, habitual residence, ethnic group and region.
Moreover, the results (Table 3) suggest that ORs calcu-
lated by the BCH method are similar to the correspond-
ing results reported by the logistic regression model,
which further confirm that our findings are stable and
reliable.

Additionally, given geographical distribution is prob-
ably an important confounder factor to the effects of var-
ious sensitization patterns on clinical symptoms. We
further excluded the confounding effects of the region
for establishing model2. Table 3 represents the robust-
ness of our findings depending on two multivariable
logistics regression models, except the adjusted OR
value of asthma in stratum2 has extremely changed
from 1.41 in model2 to 0.83 in model1 when controlling
for region. Therefore, a subgroup analysis stratified by
geographical regions was further performed to explore
the association between sensitization patterns and the
risk of asthma. The results suggest that there are no sig-
nificant associations between sensitization patterns and
asthma in different regions (Supplemental Table 2). In
this study, it could be better to treat the medical centers
as a level-2 unit in the multilevel model. The result
(Supplemental Table 3) also suggests that there is no
significant association between sensitization patterns
and asthma in the adjusted multilevel model which is
consistent with the results of the subgroup analysis.
Discussion
It has been well known that allergic diseases are
complex disorders with several clinical symptoms
due to different potential pathogenicity mechanisms
caused by complicated allergens.24 The identification
of underlying patterns of sensitization to common
allergens is facilitated to evaluate the risks of various
clinical performance11,25 as well as the severity of
disease.26,27 In this study, we included 18 common
allergens which are distributed in four regions
(south, west, north and east) of mainland China to
identify underlying sensitization patterns, and fur-
ther assess their associations with typical allergic
symptoms. Finally, a four-class sensitization pattern
was selected by applying LCA according to fit statis-
tics and clinical interpretability. The four latent clas-
ses were labeled as ‘house dust mite sensitization’, ‘low
pollen sensitization’, ‘middle pollen sensitization’ and
‘high pollen sensitization’ based on their specific char-
acteristics of sensitization to allergens. Our finding
suggests that patients in the ‘middle and high pollen
sensitization’ classes show higher odds ratios (ORs)
of allergic rhinitis and conjunctivitis than those in
the ‘house dust mite sensitization’ class. However,
there is no significant difference between Class1 and
Class2 in the risks of various clinical symptoms
except dermatitis. Additionally, compared with those
in the house dust mite sensitization patterns, partici-
pants with pollen sensitization clusters are associated
with higher ORs of allergic conjunctivitis and derma-
titis when other confounders are under control.
www.thelancet.com Vol 46 Month April, 2022



Variables Class1 N=424(38.9) Class2 N=394(36.2) Class3 N=194(17.8) Class4 N=77(7.1) P value

Age, years 0.001

0»6 142(33.5) 128(32.5) 63(32.5) 19(24.7)

7»17 198(46.7) 151(38.3) 80(41.2) 47(61.0)

>=18 84(19.8) 115(29.2) 51(26.3) 11(14.3)

Gender 0.294

Man 255(60.1) 239(60.7) 121(62.4) 55(71.4)

Woman 169(39.9) 155(39.3) 73(37.6) 22(28.6)

Smoking exposure 0.029

Yes 214(50.5) 233(59.1) 93(47.9) 41(53.2)

No 210(49.5) 161(40.9) 101(52.1) 36(46.8)

Family history of allergy 0.279

Yes 254(59.9) 212(53.8) 115(59.3) 47(61.0)

No 170(40.1) 182(46.2) 79(40.7) 30(39.0)

Habitual residence 0.005

Urban 295(69.6) 301(76.4) 156(80.4) 64(83.1)

Rural 129(30.4) 93(23.6) 38(19.6) 13(16.9)

Ethnic group <0.001

Han Chinese 406(95.8) 335(85.0) 170(87.6) 63(81.8)

Non-Han Chinese 18(4.2) 59(15.0) 24(12.4) 14(18.2)

Region <0.001

South 222(52.4) 71(18.0) 23(11.9) 11(14.3)

North 44(10.4) 139(35.3) 67(34.5) 17(22.1)

East 143(33.7) 20(5.1) 7(3.6) 0(0.0)

West 15(3.5) 164(41.6) 97(50.0) 49(63.6)

Season 0.255

Spring 73(17.2) 72(18.3) 40(20.6) 12(15.6)

Summer 155(36.6) 138(35.0) 69(35.6) 23(29.9)

Autumn 110(25.9) 114(28.9) 61(31.4) 30(39.0)

Winter 86(20.3) 70(17.8) 24(12.4) 12(15.6)

Mode of delivery 0.536

Normal delivery 269(63.4) 265(67.3) 130(67.0) 47(61.0)

Caesarean section 155(36.6) 129(32.7) 64(33.0) 30(39.0)

Table 2: Demographic and clinical characterization of participants among four sensitization patterns
Note: Spring (3, 4 and 5 months); Summer (6, 7 and 8 months); Autumn (9, 10 and 11 months); Winter (1, 2 and 12 months). Class1, house dust mite sensitiza-

tion; Class2, low pollen sensitization; Class3, middle pollen sensitization; Class4, high pollen sensitization.
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Given the complicated cross-reactions of allergic sen-
sitization, studies to explore the associations between
various allergens and clinical symptoms using machin-
ing learning methods, such as network analysis or latent
class analysis, have been emerging as a hot topic.28,29

However, most of them were performed in European
countries,11,12 and the evidence from the Asia area was
scarce. China has the largest population around the
world and wide geographical distribution in Asia, which
results in significant individual heterogeneity of the
associations between sensitization panels and clinical
performance.17 Though several studies have confirmed
the causal associations of atopic sensitization with
asthma, rhinitis or dermatitis in China,30,31 most of
them just focused on specific allergens on the risk of
clinical symptoms and neglected the combined effects
of allergens. Therefore, it’s necessary to identify sensiti-
zation clusters of common allergens and further to
www.thelancet.com Vol 46 Month April, 2022
investigate their complex relationship with allergy
symptoms among the Chinese population using such
machine learning methodologies. To our knowledge,
this study was the first to explore the underlying pat-
terns of sensitization to common allergens based on
large-scale multicenter epidemiology data in China
by using LCA. Additionally, this study of ours comes
from samples in 13 medical centers, including repre-
sentative 12 tertiary hospitals and 1 secondary hospi-
tal in their local areas according to the classification
of Chinese hospitals. They are responsible for provid-
ing medical care to multiple regions and serve as
medical hubs for conducting medical research.
Therefore, the participants in this study have good
representativeness of samples and can give implica-
tions for other areas with similar panels of allergen
sensitization patterns as China at the national-spe-
cific level.
7



Figure 2. The prevalence of four sensitization patterns based on the geographical distribution in the mainland of China
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In the end, an optimal 4-class model which included
three pollen sensitization patterns and one house dust
mite allergic sensitization was identified by LCA. This
model has not only the lowest BIC and CAIC (Supple-
mental Table 1) but also an excellent clinical interpreta-
tion.32 Although the LCA model with 5 classes has a
lower AIC and SSA-BIC than the 4-class model, the lat-
ter one has higher entropy than the former one (0.81
VS 0.78). Additionally, according to Occam’s Law of
Razor,33 the superiority model for achieving optimal
results is a model with fewer variables, thus, the 4-class
model can be more straightforward in clinical practice.
Consistent with others, this study indicates that age is a
significant influence factor of various clusters, and the
adults have the lowest proportion in all clusters. The
possible explanation is that children lack robust autoan-
tibodies, which result in increased risks of sensitization
to allergens compared to adults.34,35 Besides, it can be
also observed that school-aged children tend to be in
Class4 (high pollen sensitization) than pre-school chil-
dren. As we all know, compared with pre-school chil-
dren, school-aged children commonly have much time
to take outdoor activities, thus, increasing the chance of
exposure to outdoor pollen allergens. Additionally, a
similar multi-center study performed in China17 sug-
gested that the patterns of sensitization to outdoor aller-
gens in the environment varied widely in different
regions because China spans mid-temperate, warm-
temperate, subtropical and tropical zones. In this study,
we also highlighted varied widely geographical distribu-
tion among four classes. Overall, the most common sen-
sitization pattern in the south and east of China is
house dust mite sensitization, while the prevalence of
low pollen sensitization is extremely higher in the west
and north of China. In particular, the proportions of
middle and high pollen sensitization patterns are com-
paratively higher in north China than in other regions.
Therefore, our findings provide robust evidence to guide
allergen detection planning and medical resource allo-
cation in different regions. In this study, the seasons of
SPT were determined by the prick date. Our findings
suggest no significant seasonal variability (spring, sum-
mer, autumn and winter) among four sensitization pat-
terns (P=0.255). Besides, a study performed in Europe36

suggests that seasonal variation in specific IgE antibod-
ies of grass-pollen allergen was not associated with clini-
cal symptoms. Therefore, we do not adjust for the
seasons of SPT in the multivariate models. Moreover,
www.thelancet.com Vol 46 Month April, 2022



Figure 3. The prevalence of clinical symptoms among four sensitization patterns. Shown are prevalence rates expressed as a per-
centage (%). Class1, house dust mite sensitization; Class2, low pollen sensitization; Class3, middle pollen sensitization; Class4, high
pollen sensitization
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significant differences among the four clusters can be
observed in several exposure factors, including smoking
exposure, habitual residence and ethnic group in this
study.

Several studies have compared the various clinical
performance between house dust mites (HDMs) and
grass pollen sensitization populations. For instance, a
study from Spain37 showed no obvious difference
between HDMs and grass pollen sensitized children
with AR in terms of diseases severity and clinical fea-
tures. In comparison with previous studies, the major
novel finding in this study is that we further divided
grass pollen sensitization into 3 degrees according to
their sensitization characteristics. We proved that the
‘middle pollen sensitization’ cluster was associated with
higher odds ratios of AR and allergic conjunctivitis
than the ‘house dust mite sensitization’ though no simi-
lar results can be observed in the low pollen sensitiza-
tion groups when controlling for other confounders.
Our findings could be better for the reasonable man-
agement of grass pollen sensitized AR patients using
www.thelancet.com Vol 46 Month April, 2022
limited medical resources, particularly in the west
and north of mainland China, which have a large-
scale pollen sensitization population. Moreover, we
also combined Class2, 3 and 4 into pollen sensitiza-
tion clusters for comparison with Class1 on the risks
of various clinical symptoms. The results suggest that
compared with Class1, patients in pollen sensitization
clusters are associated with increased risks of derma-
titis and allergic conjunctivitis. However, the associa-
tions between sensitization patterns and the risks of
asthma changed a lot from multivariate model1 to
model2 when removing the region, which are proba-
bly resulting from multicollinearity. In this research,
we further assess the association between sensitiza-
tion patterns and asthma in different regions. Our
finding reveals that when controlling for other con-
founders, there is no significant difference between
pollen sensitization and house dust mite sensitization
on the risk of asthma in various regions, although the
corresponding ORs are large than 1 in North and less
than 1 in other regions.
9



Outcomes N Cases (%) Unadjusted model Unadjusted BCH model Adjusted{model 1 Adjustedξ model 2

OR (95%CI) P OR (95%CI) P OR (95%CI) P OR (95%CI) P

Allergic rhinitis

Stratum 1

Class1 424 378(89.20) 1.00(1.00,1.00) Ref. 1.00(1.00,1.00) Ref. 1.00(1.00,1.00) Ref. 1.00(1.00,1.00) Ref.

Class2 394 336(85.30) 0.71(0.47,1.07) 0.098 0.63(0.39,1.02) 0.060 0.79(0.50,1.24) 0.301 0.73(0.48,1.11) 0.142

Class3 194 182(93.80) 1.85(0.95,3.57) 0.069 2.20(0.89,5.43) 0.089 2.08(1.04,4.17) 0.040 1.88(0.97,3.66) 0.062

Class4 77 75(97.40) 4.56(1.08,19.21) 0.038 4.80(0.87,26.61) 0.072 5.07(1.17,21.93) 0.030 4.51(1.07,19.10) 0.041

Overall test <0.001 0.005 <0.001 <0.001

Stratum 2

Class1 424 378(89.20) 1.00(1.00,1.00) Ref. 1.00(1.00,1.00) Ref. 1.00(1.00,1.00) Ref. 1.00(1.00,1.00) Ref.

Class2+3+4 665 593(89.20) 1.00(0.68,1.48) 0.991 1.00(0.65,1.54) 0.991 1.08(0.69,1.68) 0.744 1.03(0.69,1.54) 0.896

Allergic conjunctivitis

Stratum 1

Class1 424 219(51.70) 1.00(1.00,1.00) Ref. 1.00(1.00,1.00) Ref. 1.00(1.00,1.00) Ref. 1.00(1.00,1.00) Ref.

Class2 394 229(58.10) 1.30(0.99,1.71) 0.063 1.28(0.92,1.77) 0.138 1.31(0.97,1.77) 0.084 1.22(0.92,1.62) 0.171

Class3 194 134(69.10) 2.09(1.46,2.99) <0.001 2.30(1.50,3.51) <0.001 2.17(1.48,3.20) <0.001 2.00(1.39,2.87) <0.001

Class4 77 52(67.50) 1.95(1.17,3.25) 0.011 1.96(1.12,3.42) 0.019 2.03(1.18,3.49) 0.011 1.83(1.09,3.08) 0.022

Overall test <0.001 <0.001 <0.001 <0.001

Stratum 2

Class1 424 219(51.70) 1.00(1.00,1.00) Ref. 1.00(1.00,1.00) Ref. 1.00(1.00,1.00) Ref. 1.00(1.00,1.00) Ref.

Class2+3+4 665 415(62.40) 1.55(1.21,1.99) <0.001 1.62(1.24,2.13) <0.001 1.56(1.18,2.06) 0.002 1.47(1.14,1.89) 0.003

Asthma

Stratum 1

Class1 424 213(50.20) 1.00(1.00,1.00) Ref. 1.00(1.00,1.00) Ref. 1.00(1.00,1.00) Ref. 1.00(1.00,1.00) Ref.

Class2 394 228(57.90) 1.36(1.03,1.79) 0.029 1.45(1.04,2.01) 0.027 0.91(0.67,1.25) 0.568 1.47(1.10,1.94) 0.008

Class3 194 102(52.60) 1.10(0.78,1.54) 0.589 1.07(0.72,1.58) 0.731 0.63(0.43,0.93) 0.019 1.16(0.82,1.64) 0.390

Class4 77 49(63.60) 1.73(1.05,2.86) 0.032 1.86(1.07,3.25) 0.028 0.98(0.56,1.72) 0.948 1.93(1.16,3.22) 0.012

Overall test 0.050 0.053 0.106 0.013

Stratum 2

Class1 424 213(50.20) 1.00(1.00,1.00) Ref. 1.00(1.00,1.00) Ref. 1.00(1.00,1.00) Ref. 1.00(1.00,1.00) Ref.

Class2+3+4 665 379(57.00) 1.31(1.03,1.68) 0.029 1.35(1.03,1.77) 0.029 0.83(0.62,1.10) 0.198 1.41(1.10,1.81) 0.008

Dermatitis

Stratum 1

Class1 424 189(44.60) 1.00(1.00,1.00) Ref. 1.00(1.00,1.00) Ref. 1.00(1.00,1.00) Ref. 1.00(1.00,1.00) Ref.

Class2 394 205(52.00) 1.35(1.02,1.78) 0.033 1.37(0.99,1.90) 0.058 1.37(1.02,1.85) 0.038 1.39(1.05,1.84) 0.022

Class3 194 110(56.70) 1.63(1.16,2.29) 0.005 1.73(1.16,2.57) 0.007 1.62(1.12,2.34) 0.011 1.64(1.16,2.32) 0.005

Table 3 (Continued)
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Some limitations exist in our research. The most
important one may be that our study only utilized whole
allergen extracts instead of recombinant allergens to
evaluate atopic sensitization, therefore, partly covered
the cross-reactivity of similar molecular proteins in dif-
ferent allergens. However, we are indeed to consider
this issue before our research. Initially, some recombi-
nant allergen sources have no complete/representative
panel of allergens yet available. Then, compared with
recombinant allergens, the allergen extracts are easy to
prepare and inexpensive as well as have been widely
used in China for clinical diagnosis of allergy.15,17 Fur-
thermore, to better disclose the underlying complicated
sensitization patterns of common allergens depending
on low-cost test data, we utilized a more robust statistic
method, the latent class analysis (LCA), to explore the
heterogeneity of potential sensitization patterns.8

Besides, since the clinical information of participants
was collected through face-to-face routine medical inves-
tigation, some recall bias might exist in our study. Addi-
tionally, the cross-sectional study design could not
certify the causal relationship between exposure and
outcomes, as well as calculate the risk ratios (RRs) of
exposure.

In conclusion, we applied LCA to disclose four mutu-
ally exclusive sensitization patterns among patients with
atopic diseases using 18 common allergens in mainland
China. Our findings confirm that compared with house
dust mite sensitization, patients in pollens sensitization
clusters have higher odds ratios of allergic conjunctivitis
and dermatitis, although no similar results can be
observed in allergic rhinitis and asthma. Additionally,
patients in middle pollen sensitization are associated
with high risks of allergic rhinitis and conjunctivitis
than low pollen sensitization class but have no signifi-
cant difference with high pollen sensitization popula-
tions. The present study could be beneficial for the
precision diagnosis and clinical management of allergic
diseases.
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